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Abstract: Microalgae are known to have higher photosynthetic efficiencies when compared to land-
based plants. The use of microalgae biomass as a protein source is attracting attention due to its
interesting protein composition and sustainable character when compared to conventional animal
and plant protein-based sources. Nonetheless, the existence of a rigid cell wall is typical for most
microalgae species, and this presents a serious obstacle to a higher bioaccessibility of their valuable
protein fractions. Depending on the cell wall composition, the gastrointestinal digestion process
itself can result in different pathways of protein absorption. It is then important to understand
how microalgae cell wall structure can be affected during traditional and industrial production of
its biomass once these questions are often overlooked. This review intends to fulfill this gap by
addressing the major impacts of innovative sustainable processing of microalgae biomass, giving
particular attention to drying operations and cellular disruption methods based on electric field
application—such as pulsed electric fields (PEF) and moderate electric fields (MEF). Using microalgae
biomass as food supplements at its full potential depends on its protein digestibility patterns, and
subsequently their bioaccessibility and bioavailability. The importance of using in vitro gastrointesti-
nal systems to understand the impact of innovative downstream processing of microalgae biomass
will be addressed.
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1. Introduction
1.1. Historical Overview

Microalgae are aquatic unicellular organisms with photosynthetic capabilities and
are capable of producing organic compounds in a more efficient way than land-based
plants [1,2]. Their existence is dated to millions of years ago, as they were one of the first
organisms that appeared on Earth, being a very diverse group of microorganisms with
thousands of different species [3,4]. Aztecs and Indian tribes consumed microalgae for
centuries [5-7] and the modern utilization of microalgae began in the 1950s, as a food
supplement [3]. A few years later in Japan, the first large-scale microalgae cultivation with
a commercial purpose was developed [8]. The first microalgae to be commercially sold
as food products in Japan, Taiwan and Mexico were Chlorella and Arthrospira between the
1960s and 1970s [9,10]. Although the consumption of microalgae dates back to ancient
times, it was only in the last century that microalgae biomass started to gain interest from a
biotechnological point of view [5,11].

1.2. Sustainable Production and Industrial Applications

The growth of the world population and subsequent increase in food demand and
pressure on natural resources [12] are arousing the interest of the food industry towards
microalgae as a promising and sustainable source of nutrients [13,14]. Microalgae has
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easy and sustainable growth conditions that discard the need for arable land. Further,
its biomass has a high nutritional content, which makes them a valuable food source
for the population, [4,5,13]. Microalgae are considered to be one of the best renewable
sources of biomass due to their ability to double their initial biomass after 2 to 5 days of
growth, and to fix CO; for photosynthesis more efficiently than commonly used plant
crops [15]. As a promising source of several nutrients and biocompounds, they can also
have different industrial applications (Figure 1), such as the ones for the development of
pharmaceuticals and health products, food and feed ingredients, and the production of
biofuels [8]. Generally, the biocompounds found on microalgae can be classified into two
main categories: primary metabolites and secondary metabolites. The primary metabolites
are essential for microalgae metabolism and to ensure their growth and development
(e.g., proteins, lipids, carbohydrates). The secondary metabolites (e.g., carotenoids, vita-
mins, and other biologically active compounds) can present some vital functions, but they
are not needed for normal microalgae development; for example, they can also enhance
defense mechanisms against other living organisms [1,16].
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Figure 1. Application of the different products produced by microalgae. Adapted from: [17]. Icons
by Freepik from flaticon.com, accessed on 1 April 2022.

1.3. A Promising Protein Source

Microalgae synthesize proteins in their primary metabolism, which makes them an
alternative protein source for the food industry. Some reports have shown that microalgae
can present similar amounts of proteins, which includes the presence in its composition
of essential amino acids (EAA), when compared to other more used food crops, such as
milk, soybean, or meat [4,17,18]. Nonetheless, in some cases, microalgae still need to be
evaluated and classified as food safe for human consumption. For microalgae to be used as
a food product, they must be first recognized by the Food and Drug Administration (FDA)
as: Generally Recognized as Safe (GRAS). This regulation is valid in the U.S. jurisdiction,
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while in Europe this is the responsibility of the European Food Safety Authority (EFSA).
In the European Union, some of the accepted microalgae species for human consumption
are: Arthrospira platensis, some species of Chlorella, such as Chlorella vulgaris and Chlorella
pyrenoidosa. While in the US, there are more microalgae species with GRAS recognition,
for example: Arthrospira platensis, Chlamydomonas reinhardtii, Chlorella vulgaris, and Euglena
gracilis [7,12].

Chlorella vulgaris and Arthrospira platensis are already being classified as non-novel
food due to being widely used over the last years, both being used as food supplements in
their pure form [16]. In the case of Chlorella vulgaris, it is widely used as a commercial food
product in quite different forms such as powder, capsules, tablets, and extracts [17]. On the
other hand, Arthrospira (commercial known as Spirulina) is also commonly used for human
nutrition due to its high protein content and nutritional value. These microalgae also
have some health effects associated, which include the suppression of hypertension and
protection against renal failure, among others [15]. In addition to these two well-known
microalgae, Dunaliella salina can also be a valuable food source and thus be consumed as
a dietary supplement in the human diet in different forms, similar to the ones used with
Chlorella (e.g., pills and capsules) [16].

C. vulgaris is described to have around 51-58% of crude proteins per dry weight, while
other green species can have between 39% and 71% of proteins per dry weight [4,19]. The
green microalgae are the ones with the higher amounts of proteins produced in terms of the
percentage of dry biomass. Besides the non-novel microalgae for human consumption, there
are some others that are becoming of great interest recently, such as Haematococcus pluvialis,
Tetraselmis chuii, and Euglena gracilis. There are also some promising microalgae that are
still under evaluation to be used for human nutrition, such as Galdiera sulphuraria [12]. The
Galdiera sulphuraria, for example, can have a protein content of 33% in autotrophic growth,
but this value can change if the growth is performed under heterotrophic conditions [20].
On the other hand, Tetraselmis chuii can have a protein content of around 36% [21]. Another
great advantage of using microalgae as a non-conventional protein source is their ability to
synthesize some of the EAA, meeting the minimum requirements imposed by the Food
and Agriculture Organization (FAO) [12], which cannot be achieved by specific vegetable
crops or by humans and animals during their normal metabolism [3,22]. It is also important
to highlight that the group of green microalgae is attracting attention for human and
animal nutrition since besides their high protein content they also contain some valuable
pigments. Chlorophylls, as the main pigment present in green microalgae, can present some
anti-inflammatory effects when used in pharmaceutical industries. Other pigments can
also be found in microalgae, for example, carotenoids, astaxanthin and phycobiliproteins,
with this last one being more common in cyanobacteria presenting interesting bioactive
properties [3].

1.4. Main Challenge

A myriad of microalgae species is being characterized, and cultivation strategies are
being optimized toward the production of food and feed ingredients. Currently, one of the
major challenges of microalgae biomass is placed on the fundamental understanding of
the role of their main nutrients in human health. Better elucidation of digestion dynamics
and its relationship with processing methods is needed. Innovative processing with a
promise of less energy input can be used to obtain protein-enriched fractions and overcome
limitations imposed by the resistance of microalgae cell structure upon gastrointestinal
digestion. Microalgae biomass is seen as an alternative and sustainable protein source,
but it is of crucial importance to develop a better understanding of how to design and
integrate innovative processing towards efficiency, safety, and quality envisaging beneficial
health outcomes. This review intends to recognize microalgae as a promising protein
source, but critically emphasize the importance that downstream processing may have
on structural aspects of microalgae cells, something that is often overlooked. This is
proposed to be achieved by addressing three main topics: (i) microalgae as a protein source
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that encompasses an interesting nutritional composition (Section 2); (ii) the importance of
efficient and innovative and “green” disruption methods (based on electric field technology)
to allow efficient disruption of a cell wall structure as a way to ease human digestion
or extraction strategies for valorization (Section 3); (iii) and to establish a relationship
between downstream processing and biomass digestibility by addressing the importance
of integrating gastrointestinal digestion assessment strategies to evaluate quality and
functionality of microalgae derived products (Section 4).

2. Microalgae Protein Content

Proteins are one of the most important algal metabolites and their quality can be
measured by certain parameters such as protein efficiency ratio (PER) and biological value
(BV). PER indicates the weight gain by the test subject for unit of protein consumed, while
BV estimates the retention of nitrogen used for growth or maintenance. The quality of
the protein can also be accessed by the digestibility coefficient (DC) and the net protein
utilization (NPU) which is the digestibility of the protein and the biological value of the
amino acids present in the food. DC of microalgae is often below 80%, while casein and eggs
are nearly 95%. This lower DC is explained by the presence of a cellulosic cell wall, whose
composition and resistance to breakdown is very dependent on species and downstream
processing methods; air-dried Chlorella presents a DC of 59%, while the drum-dried can go
up to 89% [13,22]. These parameters are affected by the type of microalgae itself, and their
type of cell wall, and are very dependent on the chosen cellular disruption method applied
during the extraction process, to obtain protein-rich fractions [13].

Table 1 resumes several microalgae with a high protein content that can range from 26%
to 71% (per dry weight). For example, Arthrospira sp. presents exceptional amounts of pro-
tein, but is a cyanobacterium, which is a prokaryotic microorganism. These cyanobacteria
are known to have a Gram-negative cell wall, composed of peptidoglycan with an absence
of cellulosic compounds in their structure, thus presenting some structural differences from
other microalgae such as Chlorella sp. [19,23]. A fully developed Chlorella vulgaris cell can
present about 42% to 58% of total proteins in their biomass dry weight [17,19,22]. More
than 50% of proteins can be found inside the cell of C. vulgaris, where about 20% can be part
of the microalgae cell wall, and some other proteins can be migrating from the inside and
outside of the cell (around 30%) [17]. With the majority of the protein fraction placed inside
the cell, its bioavailability is dependent on the way they become accessible when applying
different treatments that can affect the permeabilization of the cells’ structure. Another
important limiting factor for the effective use of microalgae proteins in the food industry is
their nutritional quality. A good alternative to animal protein source should contain all the
EAA for the human diet, thus guaranteeing an adequate protein synthesis [18,24].

Regarding the protein composition of plants, they not only present some deficiencies in
EAA such as lysine, leucine, and methionine [24] but also present some digestibility issues,
for example, soybeans have trypsin inhibitors that can block the digestive enzymes, such
as trypsin [25]. Plant proteins have some significant structural differences when compared
to animal proteins, presenting different polypeptidic chains and different secondary and
tertiary structures. Another great difference between these two protein sources is that plant
contains storage proteins and usually possesses larger and more compact structures when
compared to animal proteins [26]. Microalgae biomass appears here as another alternative,
as a rich source of some of EAA [3,22]. For these reasons, microalgae proteins are gathering
interest as a sustainable alternative to meet the current global protein demand [27]. Besides
the high nutritional properties of microalgae proteins, these are also described as having
low allergenicity potential when compared to other conventional proteins sources, such as
soy and milk [28].
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Table 1. Microalgae and macroalgae with high protein content for human consumption and compari-

son to some conventional and non-conventional sources.

Protein Sources Protein Content (% per Dry Weight) Reference
Microalgae
Chlorella vulgaris 51-58 [4,19]
Arthrospira platensis 55.8/46—63 [19,22]
Arthrospira maxima 60-71 [3,22]
Euglena gracilis 30-47 [7,22]
Dunaliela salina 57 [2,4]
Porphyridium cruentum 28-39 [2,29]
Tetraselmis chuii 35-40 [21,30]
Galdieria sulphuraria 26-32 [20]
Macroalgae
Ulva lactuca 12-20 [12,31]
Palmaria palmata 9.8-18.8 [12,32]
Insects
Crickets (Acheta domesticus) 60-75
Flies (Musca domestica) 55-70 131
Conventional sources
Soy 37
Meat 42
Egg 47 2]
Milk 26
Rice 8

Microalgae proteins can be classified into different categories based on their nutraceu-
tical and functional properties. Regarding the nutraceutical properties, it is important to
focus on their EAA content, digestibility, and bioactivity [28]. Simultaneously, the func-
tional properties of the proteins can contribute to improving structural food properties
such as emulsifying, gelation, and foaming abilities [28,34]. These different properties
are important for the development of novel food formulations [28]. Recent research has
been developed towards the use of microalgae to produce three-dimensional gel structures
obtained by thermal processing in combination with pH and ionic strength variations.
These more complex structures could facilitate the incorporation of microalgae proteins
into food products, while also providing the opportunity of producing innovative and
functional food products [35,36].

Protein products from microalgae can be used as a whole-cell protein, hydrolysates,
lysates, and bioactive peptides. These different ways of consuming microalgae proteins
are related to the degree of refinement and purity of those products. When the proteins
are used in the form of whole-cell, the presence of a complex structure of the microalgae
cell wall could affect the protein’s digestibility and bioaccessibility. To overcome this
limitation, microalgae proteins can be extracted from the whole cell, isolated, and even
concentrated. Extraction of protein fractions can thus be a very important step as it can
contribute to assuring its digestibility during gastrointestinal (GI) digestion. The protein
hydrolysates are smaller structures with improved biological value and bioactivity and thus
be regarded as a valuable approach to improving digestibility [28,37]. Bioactive peptides
are the smaller structures derived from microalgae proteins. They can be classified as the
purest structures derived from proteins and are often associated with several biological
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functions such as antioxidant, anti-cancer, and anti-hypertensive [28,38], while are also
used for the development of nutraceutical solutions.

3. Processing of Microalgae Biomass

Processing of microalgae is then important and brings different outcomes regarding
quality and functionality. Commercialization of microalgae biomass implies processing
methods, and the most common ones involve the use of heat. These methods may affect
the structure of microalgae cell walls, facilitating access to their intracellular products as
aforementioned [23,39]. Different microalgae species present variations in the composition
of their cell wall, this can affect directly the cell integrity and the release of intracellular
products upon certain processing methods [40].

3.1. Integrity of the Cell Wall and Membrane

The presence of the cell wall is crucial, and it seriously affects the extraction of proteins
from microalgae, presenting a major barrier to protein extraction [40,41]. So, it is important
to consider an efficient cell wall disruption method as an important step to assure the
protein “s solubility in the extraction solvent [41]. Some microalgae cells will present some
strong components in their cell wall, one of those is algaenan. This is a resistant outer
layer compound present in certain species, and it is a non-hydrolyzable biopolymer, also
known as sporopollenin. This macromolecule makes microalgae have a strong resistance
to digestion and disruption techniques [42]. Microalgae may also present a less rigid cell
wall made essentially of exopolysaccharides, which can lead to a higher recovery yield
after extraction treatments [40,43]. Table 2 resumes the chemical composition of cell walls
belonging to different microalgae genera as well as an empirical classification of the cell
wall resistance to disruption according to published literature.

The microalgae cell wall can vary between species, this is used as a taxonomy
marker [42]. Microalgae, such as Chlorella, have a complex cell wall and membrane which
will show better resistance to disruption treatments, resulting in lower recovery yields.
Usually, microalgae with cell walls composed of cellulose and/or hemicellulose are more
difficult to damage. The cell walls of these genera are also composed of some glycoprotein
structures and some carbohydrates such as glucose, xylose, rhamnose, and galactose. Some
species of Chlorella also have algaenan in their constitution [42], such as the case of Chlorella
vulgaris [40,49]. Chlorella vulgaris is considered a promising protein source for the food
industry due to its high protein content—more than 50% of proteins in their composition in
terms of the percentage of its dry matter [4,19,22]. Despite its interesting protein content,
their rigid cell wall is a problem that leads to low protein bioaccessibility during human
gastrointestinal digestion [50]. Several authors have addressed this problem, proposing
different methodologies to overcome it. Doucha and Livansky tested the efficiency of beads
mills homogenizers to disrupt Chlorella vulgaris, achieving 67% of disintegration with a
single 30 min passage through the homogenizer [51]. It is also important to understand that
the cell wall integrity and rigidity can vary accordingly to the development stage of the cell
and the growth conditions [52,53]. It has been hypothesized that during the onset growth
stage, the amount of extracted proteins from Chlorella vulgaris is high due to the presence of
a thinner cell wall [50]. It would be important to proceed with a detailed structural and
biochemical characterization of microalgae cells during the different growth stages for a
fine-tune adjustment of the extraction procedures.

The Nannochloropsis genera usually has algaenan in their cell wall composition, with
an inner cellulose layer followed by the presence of hemicellulose [42,43]. This genus
is described to have almost 80% of carbohydrates in its cell wall and around 6% of
proteins [42,46] and is also well known for its high lipid content, which makes them a
good source for biofuel production [46]. For example, Nannochloropsis oculata cells, due to
their small size (around 3 pm in diameter) and the presence of algaenan in the cell wall,
present high robustness [54]. Haematococcus pluvialis is also a well-known microalga for
having a rigid and thick cell wall composed of cellulose and sporopollenin [43,55,56].
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Table 2. Chemical composition of the cell wall of some relevant microalgae genus.

Microalgae Genus

Chemical Composition of the Cell Wall Resistance Reference

Chlorella/Chloroidium

e  Extracellular polysaccharides (rhamnose,

galactose, xylose, cellulose, and hemicellulose);
e Algaenan; + [17,42,44,45]
e  Some proteins can be found in the

cellular membrane.

Tetraselmis e Extracellular polysaccharides. _ [42]
. Algaenan;
) ° Polysaccharides (cellulose, glucose, rhamnose,
Nannochloropsis galactose, ribose, fucose and xylose); t+ [42,46]

. Some amino acids can be found in the cell wall.

Scenedesmus / Tetradesmus

e  Glycoproteins;

An inner layer made by cellulose and an outer

layer made by algaenan; + [42,47]
e Glucosamine biopolymers.

Arthrospira

e  Gram-negative cell wall composed of
peptidoglycan, proteic, and lipopolysaccharidic
outer membrane; _ [23,43,48]
Some presence of murein;

e No cellulose in their cell wall composition.

Symbols meaning: (—) means less resistant cell; (+) resistant cell wall; (++) very resistant cell wall.

Opposed to these microalgae, there are some examples of microalgae with less rigid
cell walls, such as the case of the Porphyridium genera, which is usually composed of glu-
cose, galactose, xylose, glucuronic acid, and methylglucuronic acid [42,57]. Porphyridium
cruentum is a good example of these cells. These microalgae are involved in a layer of
sulfurized polysaccharides, which makes them very fragile cells during disruption treat-
ments [40,58]. The Porphyridium genera, although having species in which cell disruption
is easy to be attained (e.g., Porphyridium cruentum), also presents some species such as
Porphyridium purpureum which has a lower digestibility by gastrointestinal enzymes [23,43].

Arthrospira platensis is another example of microalgae presenting a fragile cell wall,
composed essentially of peptidoglycan [23,40]. Arthrospira platensis do not have in their
constitution a thick cell wall like other microalgae [23], thus being easily broken [6] and
presenting a high potential for enhanced digestibility and bioaccessibility of its components.

Euglena gracilis is another microalgae specie that can easily grow in different
conditions—i.e., photoautotrophic, photomixotrophic, and heterotrophic [59]. It has many
potential applications in the food industry, and it is recognized by its unique cell wall
mainly composed of proteins, known as a pellicle. This makes Euglena gracilis a very
nutritive and easy to digest microalgae when compared to other species [60,61].

Dunaliella is another genus of microalgae with interesting characteristics to be used
in the food industry. One of those characteristics is its fragile cell wall and low toxicity.
For example, Dunaliella salina has been tested in mice and rats as a supplement in their
diet and it did not show any toxicological effects during these trials. This could hint at the
possibility of using this species for human food and animal feed [62,63].

Studies with the mentioned microalgae species have been performed in order to un-
derstand some of the effects of cell disruption methods. Safi and co-workers [43] have
studied the effects of high-pressure cell disruption, ultrasonication, manual grinding, and
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chemical treatment on different microalgae species, such as Arthrospira platensis, Chlorella
vulgaris, Nannochloropsis oculata, Haematococcus pluvialis, and Porphyridium cruentum. All
these species were submitted to the same disruption conditions and the yield of protein
recovery was evaluated. This was performed to understand the effects that the disrup-
tion caused on the cell wall and on the subsequent release of intracellular proteins. They
were able to conclude that species with a thinner cell wall, such as Arthrospira platensis
and Porphyridium cruentum can release higher amounts of protein—i.e., 19.0% =+ 0.1 and
24.8% = 0.3, respectively—by natural occurrence due to the transport of proteins through
the cell membrane. The other three species, with stronger cell wall constitution, concomi-
tantly presented lower amounts of natural protein release. In terms of cellular disruption
treatment, the procedure with higher amounts of protein release (for all of the species) was
the high-pressure homogenization (HPH), while manual grinding resulted in less release of
the protein fraction. With HPH, the microalgae species with thinner cell walls were also the
ones with higher amounts of protein released after the treatment [43]. These results can be
easily justified by the fact that Porphyridium cruentum is composed of a layer of sulfurized
polysaccharides instead of a rigid cell wall composed of cellulose and hemicellulose like
the other species [40]. Usually, the microalgae that present a cell wall with carbohydrates
and glycoproteins are the most resistant to mechanical and chemical treatment. While the
cells without these biomolecules in their cell wall composition can be easily damaged [64],
and this can occur during industrial processing steps. It is known that microalgae cell wall
and membrane constitution will determine different outcomes when disruption methods
are applied, with this affecting GI digestion as well [23,43].

3.2. Relationship between the Processing Method and Quality of the Intracellular Products

The processing of microalgae has two important routes that can be explored. The first
one is related to the drying of microalgae biomass for further applications (e.g., food and
feed), while the second one with the extraction of the high-value compounds [63] which
can be more onerous due to the cost of downstream processing and refinement. Table 3
resumes some of the most important methods of drying and extraction, including their
associated effects.

Harvesting plays an important role in the concentration of microalgae biomass. Besides
that, a drying step is crucial for food applications, by assuring a longer shelf-life by reducing
water activity to desirable levels [69]. Some of the most highly-efficient processes of drying
include: freeze-drying, drum-drying, spray-drying, sun-drying, heat-pump drying, and
superheated steam drying [63,69,79]. Among all of these methods, one of the most common
drying methods is spray-drying, due to its versatility and easiness, allowing to control the
product’s quality throughout the entire process [67]. Nonetheless, spray-drying has the
disadvantages of being a high energy demanding method and potentially leading to the
deterioration of some bioactive compounds, such as pigments [63,79]. During the drying
process, the use of hot air can cause some unwanted effects on the food products. The inlet
temperature of spray-drying can range between 120 °C and 220 °C [80]. This could lead to
thermal degradation of some products, changes in structural aspects, as well as physical
and chemical changes [69,81]. In recent years, there has been an increasing interest in using
some novel drying approaches. A very interesting one is based on the application of electric
fields for biomass drying, such as electrohydrodynamic drying (EHD) [69]. This process
can be useful for more heat-sensitive compounds, since it is a non-thermal approach, and
it can maintain the quality of proteins and other intracellular compounds. This method
consists of the application of a high voltage difference (in the kV range), which generates
an airflow between an emitter electrode and a plate where the sample is placed. There are
several important parameters to consider when applying EHD, such as voltage, electric
field, air velocity, and energy consumption. The EHD usually takes advantage of direct
current, but in some cases, the alternating current can also be used. The electric fields in
EHD are usually between 1 kV/cm and 10 kV/cm [82]. The air velocity plays an important
part in EHD since it is the main responsible parameter for the drying process. The air
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molecules will induce an ionic wind through the system, commonly called “corona wind”.
The documented speed for the air flow in EHD is between 107! and 10 m/s [69,71]. The
last parameter to consider in EHD is energy consumption. The energy required for EHD is
usually low when compared with convective or freeze-drying; the power for the corona
discharge is between 1 and 10 W [69,71]. The advantages of using EHD is to reduce the
drying time and product shrinkage, but it can also improve the rehydration capacity, and
the texture and nutritional value of the food product [70,82].

Table 3. Examples of methods for microalgae drying and cellular disruption.

Technique Applied Principle of the Technique Effects on the Biomass Treated Reference
Drying process
. Some degradation during the
) slow drying;
Solar Dlre.ct solar energy for e  Overheating of microalgae biomass; [65,66]
biomass drying. e Risk of fermentation and spoilage after

long times of exposure.

Microwave Drying

Uses microwave heating for ¢ Some degradation of the

biomass drying. treated biomass. [65]

Spray-drying

e Used for high-valuable biocompounds;
. Cause deterioration of some intracellular
Warm liquid and air carry the water. compounds, such as pigments; [63,65,67]
. Can retain more nutrients than
convective drying.

. . Convective hot air to remove the ¢ Led to some degradation at
Convective Drying water, such as an oven. higher temperatures. [65,67]
. It keeps most of the proteins in the dried
biomass, when compared to other
drying methods;
Lyophilization Heat frozen biomass, leading to water ~ ® Mfaintain cell Vif"bility; [65,67-69]
(Freeze-drying) removal through sublimation. *  Minor changes in the flavor, color, !
chemical composition, and texture;
. High operation costs when applied at
large scale.
Application of high voltage difference, ~® Ideal for hea.t-sensitive prpducts, due to
this leads to the generation of airflow the fact that it operates without any
Electrohydrodynamic between the electrode and the plate heat generation; ) [69-71]
Drying (EHD) where the sample is placed. It does ®  Reduced drying time and shrlnkage;
not need any type of heat for the ¢ Enhance rehydration capacity;
drying process. . Preserve color and flavor.
Cell Disruption Methods
. Lack of selectively while treating
the sample;
Bead Mill Shear stress between the beads and e When applied to microalgae could [51,72-74]
the cells in the sample. achieve total disintegration of the cells;

. Heat generation in the system.
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Table 3. Cont.

Technique Applied Principle of the Technique Effects on the Biomass Treated Reference
The cells are submitted to intense Heat generation by the system;
) sh».ear stress, .turlt.)ulence, and Nonselective treatment for the
High-pressure cavitation, resulting in damage to the intracellular compounds, requiring some
Homogenization (HPH) cell wall and. membrane. Th.e pressure form of separation after the disruption; [12,66,73,75]
transforms into steep Velo.c1ty‘ Italso Not suitable for processes that aim at the
has the advantage of being used extraction of more fragile compounds.
without the drying step.
Selective process which affects only
Takes advantage of using enzymes certain components of the cell wall;
Enzvmatic Hydrolvsis that can affect structural components Due to the low energy requires it does [72,73,75,76]
Y yaroly of the cell wall and membrane by not produce unwantgd heat; e
weakening or even dissolving them. Some sugars present in the cells could
suffer fermentation.
Ultrasonic waves propagating Production of heat during the treatment,
through a certain sample, produce affecting some photosyntheti.c pigments;
Ultrasonication some microbubbles which when Can show minor effects on disruption [12,43,73,75]
expanded create violent shockwaves, of stronger cell walls.
thus damaging the cells. (e.g., Chlorella vulgaris).
Protein denaturation, due to the heat
production during the treatment;
) o Beside cellular disruption, it can also be
Microwave The cell wall disruption is caused by used for biomass drying; [12,72,73]

the evaporation of the cell water.

It causes an increase in pressure inside
the cell, facilitating the extraction of
intracellular compounds.

The application of an electric field will
affect the transmembrane potential of
the cell, causing an electroporation or
electropermeabilization effect. This
will lead to the release of the
intracellular compounds.

Pulsed Electric Fields (PEF)

Induce pore formation across the cellular
membrane (electroporation);

Incapable of recovery of

chloroplast proteins;

It is a non-heating technology, ideal for
more heat-sensitive compounds;

If the electroporation effects are
reversible, it could allow the microalgae
cell walls to recover after the treatment,
allowing the integration of PEF into a
biorefinery process.

[50,72,73,77,78]

After the process of drying the microalgae biomass, the cell wall is still an important

barrier limiting the access to intracellular compounds [40]. Several cell disruption methods
are currently available (Figure 2), and they can be divided into different categories. Some
of them can be described as mechanical or physical methods, involving techniques such as
bead-mills, high-pressure homogenization, microwave, ultrasonication, electric field-based
technologies, and others. There are also the non-mechanical methods, which can also be
subdivided into biological and chemical methods. In biological classification, the most
common method is enzymatic cell lysis, while the use of acids, bases, supercritical fluids,
or osmotic shocks are classified as chemical methods [63,73,83].

After assuring an effective cell wall disintegration, it is important to efficiently design
a process to extract the proteins. This will allow increasing the protein bioaccessibility
and potentially its bioavailability during GI digestion and absorption, or leverage the
development of novel functional food systems. The protein extraction may require the use
of some organic base solvents. The choice of the most appropriate extraction solvent is
constrained by several factors: biochemical characteristics of the cells, the final application
of the product, the cost of the operation, and the expected extraction yield and time [63].
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Figure 2. Commonly used cell disruption methods and their respective classifications in different
categories. Icons by Freepik from flaticon.com, accessed on 1 April 2022.

Protein solubilization could be a problem due to the protein ‘s hydrophobic nature and
the presence of disulfide bonds. This can be surpassed by using alkali conditions [84]. Then,
it is possible to separate the soluble proteins from the carbohydrates matrix by performing
acidic precipitation at low pH [17]. The efficiency of this method can vary with the presence
of neutral or ionic polysaccharides [29]. With strong alkali solutions, protein solubilization
can be improved, leading to a more efficient extraction process. However, these stronger
alkali solutions can also damage proteins or other valuable compounds [85,86]. Protein
extraction using alkali solutions as a strategy to integrate microalgae biomass into a biore-
finery process has already been described. The goal of this type of strategy is to extract
proteins from microalgae biomass and with the resulting deproteinized biomass, extract
lipids for biodiesel production. For example, the use of strong alkali solutions (2 mol/L
NaOH) allowed to obtain up to 10% of solubilized protein from the total biomass used [87].
The utilization of aqueous and acidic methods for the extraction of microalgae proteins is
also commonly used [83].

Some studies reported the effects of well-known microalgae disruption methods on
protein solubilization. Ursu and co-workers (2014), have studied the effects of certain
processes, such as high pressure and alkaline treatment with a few drops of 2 mol/L NaOH
in the recovery of protein fraction from microalgae without damaging the other intracellular
compounds [84]. It has been observed that Chlorella vulgaris treated only with chemical
treatment resulted in a very low extraction yield (1.5 + 0.1% at pH 9 and 2.3 4+ 0.2% at
pH 12) when compared to the total content of proteins in Chlorella vulgaris (around 42% to
58%) [17,22]. However, when the same cells were treated in the high-pressure cell disruptor
at 270 MPa, the efficiency of protein solubilization increased. The best results were obtained
with the combination of chemical treatment and high-pressure treatment; this condition
achieved the solubilization of 98% at pH 12 and 71% at pH 7, of the total protein in Chlorella
vulgaris [84], thus pointing out that pH and its combination with physical methods can
bring different outcomes regarding extraction efficiency.

Taking advantage of protein ’s solubility at different pH is an easy way to isolate and
recover proteins from the intact microalgae cells or after the cell wall disruption process. It
has been hypothesized that with a pH-shift process it would be possible to precipitate the
microalgae proteins and then recover them from the cellulosic cell wall [88]. This process
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uses the pH variation and isoelectric point of proteins to solubilize and precipitate proteins
that are not soluble [19]. This can be achieved by lowering the solution’s pH towards
the protein’s isoelectric point, thus neutralizing their charges and making the proteins
insoluble in water, leading to precipitation [88,89]. After applying this pH-shift process to
proteins, it is then possible to recover the different fractions (soluble and non-soluble) by
centrifugation procedures [19]. The production of protein isolates is dependent on proper
protein solubilization after their release during the cell wall disruption [90].

3.3. Impact of Electric Fields on the Cell Integrity

In the last few years, the use of electric fields (EF) has gained attention in sev-
eral biotechnological areas due to their efficiency, versatility, easy scale-up, as well as
environment-friendly character (Table 4) [77,78,91]. EF processing can contribute to in-
creasing the microalgae cell wall permeability allowing an easy release of the intracellular
compounds such as proteins and lipids [92]. Considering these features, EF-based tech-
nologies are more advantageous when compared to other pretreatment methods, such as
mechanical (i.e., high-pressure homogenization), microwave and ultrasounds, [93]. Pro-
cessing of microalgae biomass can be carried out through different EF technologies such
as pulsed electric fields (PEF), high voltage electric discharge (HVED), moderate electric
fields (MEF) that can be combined with ohmic heating (OH) effect, direct current (DC) and
subsequent electrolysis, also known as electrochemical cell lysis [78,92]. These methods
offer the opportunity of a fine-tune process control and specificity, resembling enzymatic
ones [94], resulting in total disruption or mild permeabilization of the cell wall as illustrated
by Figure 3. Table 5 includes some examples of PEF, HVED, and MEF applications and
their reported effects on microalgae cells.

When applying EF, an important factor to consider is the effect of electroporation
(Figure 4), which is greatly dependent on the time of exposure and intensity of the applied
EF and the medium composition [77,108]. When the EF voltage exceeds the transmem-
brane threshold, between 0.2 and 1.0 V, it can cause the electroporation effect [78]. This
type of electroporation allows the cell to stay on a high permeability stage, allowing the
introduction and/or extraction of molecules from/to the cell. Depending on the intensity
of the applied EF the cell can or not return to its original state. If the EF strength is too
high for the cell to handle, it will impact an irreversible electroporation and the cell will be
disrupted [78,108].

PEF

MEF+OH | - o QCeII integrity

\
N\ .
[ PN L) Biocompound stability
e \ D @ ,_J) o
A Process control
\ + 9

Mild disruption N

- -

0 Bioaccessibility

PEF
HVED
.\ J\ Q Extraction of biocompounds

ﬁ c Process control
Total disruption

A\ \ 6 Degradation of biocompounds

Figure 3. Different processing routes and possible pathways imposed by the application of EF
technologies. Adapted from [94].
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Table 4. Electric-based technologies for application on microalgae biomass.

Electric-Based Technology Electric Field Strength Time Frequencies Used Operation Temperature Main Effects Reference
. Microbial inactivation;
. Tissue softening;
. Electroporation effects on

Pulsed Electric Fields (PEF)

20 to 100 kV/cm
0.5to 10 kV/cm

the cells, reversible and
irreversible permeabilization;
. Permeabilization of intracellular
membranes (e.g., chloroplasts);
. Extraction of intracellular ionic
and water-soluble compounds;
. Could be ineffective in the
extraction of
photosynthetic pigments;
. Changes in protein structure due
to the presence of electric fields.

0.01 usto24ms 1 Hz to 2000 Hz 10°Cto60°C [78,95-98]

High Voltage Electric
Discharge (HVED)

10kV/cm to 100 kV/cm 0.01 usto 10 pus Up to 1000 Hz 20 °Cto 60 °C

. Electrical breakdown in water
leading to strong shockwaves
of high amplitude and
cavitation phenomena;

. Electroporation effects, due to
the presence of strong EF;

. Damage to the cell, leading to
their destruction;

. It is proposed to be used for
microorganisms inactivation.

[77,78,93,99,100]

Moderate Electric
Fields (MEF)

. Heat generation due to
OH effects;

. Changes in protein structure
and conformation;

. Effects on functional properties
of globular proteins;

. Capable of achieving a

. Typically <60 °C homogenous and fast extraction,

<1000 V/cm No limit 0.06 kHz to 25 kHz . No upper limit with high energy efficiency; [77,78,98,101,102]

for OH . Electrochemical reactions
between the sample and the
electrodes, when working at
lower frequencies;

Direct Current (DC)

6.30 V/cm to 31.5 V/cm;
Voltage can range No limit 0Hz Temperature not relevant
between 10 V and 300 V

. Permeabilization effects on
microbial cell wall;

. Can be used for pasteurization
and sterilization.

. Causes electrophoretic

movement between two
electrodes with opposite charges;
. Has the possibility to concentrate
microalgae biomass and separate
them from the growth medium;
. Harvest microalgae biomass
using electro-flocculation.

[78,103-105]

3.3.1. PEF

The use of PEF technology is already discussed in the literature as a promising and
energy-efficient alternative to the current extraction methods employed nowadays [109].
PEF processing is considered a non-thermal technology that applies high-intensity electric
pulses to a certain sample—i.e., between 20 and 100 kV /cm for microbial inactivation and
between 0.5 and 10 kV /cm for tissue softening. The treatment duration with this technology
is frequently established between 0.01 ps and 2.4 ms [98]. The PEF treatment has already
shown promising results in the inactivation of some microorganisms in the food industry.
The basic principle of PEF technology consists of inducing an electroporation effect on
the microorganism membrane, causing an increase in the cell ‘s permeability and even
cellular disruption [78,110]. This process of membrane permeabilization makes the access
of solvents easier for the extraction of valuable compounds [78]. Several works with the
application of electrotechnologies have already been conducted, using Chlorella vulgaris and
Nannochloropsis salina, showing some leakage of proteins after the treatments. The authors
also claim that it is possible to achieve an efficient protein release from different microalgae
genera by adjusting the electrical parameters during the treatments [91]. Buchmann and
co-workers achieved a total protein extraction from Chlorella vulgaris cells of 96% using
PEF technology [50]. They also observed that depending on the microalgae growth stage,
the protein extraction efficiency can vary. These conclusions are in agreement with a
report made by Canelli and co-workers where it is claimed that different cell phases show
different cell wall stability, thickness, and composition [50,52]. Buchmann and co-workers
also compared the efficacy of PEF with a well-known method, the HPH. They found that
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PEF treatment resulted in more intact cells after the treatment, while the HPH led to a
total disintegration of the cell structure. Another advantage of using PEF treatments is the
possibility of a full recovery of the microalgae cells after the treatments due to a reversible
electroporation effect. Their results show that depending on the intensity of the electric
fields and the yield of proteins extracted from the cells, the recovery and cell viability level
can also vary. As expected, higher electric fields and extraction rates led to less recovery
of the microalgae cells after treatment [50]. During treatments with PEF, Joule heating
effects may also happen which could contribute to damage to the target compounds if not
properly controlled [73,78,91].

Table 5. Examples of EF technologies for microalgae cellular disruption.

Microalgae Species Electric-Based Treatment Effects Caused in the Microalgae Reference
. Leakage of ionic substances and consequently
increase in the conductivity;
. Cell membrane permeabilization after
Auxenochlorella protothecoides PEF PEF treatment; [95]
. The cell permeabilization led to the release of
intracellular products;
. Cell disintegration was achieved.

. After PEF treatment, the medium
conductivity increased, indicating the release

Nannochloropsis sp. PEF of ionic components from the cells; [96]
. Ineffective in the extraction of pigments.
. Extraction of high amount of ionic
. components from the cells;
Nannochloropsis sp-. HVED . The treated cells showed agglomeration; [9]
. Ineffective in extracting pigments.
. Reversible and irreversible permeabilization
of the cells after the PEF treatment;
. Increase of electric conductivity after the
treatment due to the release of small
molecules such as ions;
. Release of small amounts of intracellular
proteins from the cells;
. PEF treatment can improve the extraction of
Chlorella vulgaris PEF lutein from C. vulgaris biomass (being a [97,106]
consequence of the permeabilization of the
cellular membrane);
. With high EF, the chloroplasts were also
permeabilized, leading to the availability of
pigments, such as lutein;
. Electric field strength, treatment time, and
temperature are critical parameters that can
affect the electroporation of C. vulgaris cells.
. OH presents better extraction yields when
. . . compared to conventional (indirect) heating; )
Arthrospira platensis MEEF (with OH effects) . Stability of the extracted compounds was [101]
maintained during the OH treatment.
. Electroporation effects on the cell wall and
significant release of small molecules, such as
Neochloris oleoabundans PEF ions, causing an increase in the conductivity; [106]
. Release of a small amount of proteins from
the cells.
. Co-extraction of carotenoids
and phycobiliproteins;
. . . OH enhanced the antioxidant abilities of
Cyanobium sp. MEF (with OH effects) extracted pigments; [107]
. OH performed better than the conventional

extraction method used as reference.
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Figure 4. Schematic representation of electroporation using alternating current.

However, the successful use of PEF is still somehow controversial. There are some
works, where the authors describe the use of PEF on microalgae, but with less promising
results [77,106]. Lam and co-workers have compared the effects of using PEF and bead-
milling on two strains of microalgae—i.e., Chlorella vulgaris and Neochloris oleoabundans.
They were able to induce an electroporation effect on both strains because there was a
release of high amounts of ions after PEF treatment from both species, but not proteins.
Regarding the protein release, this was around 13% which is lower when compared to the
bead-milling method which had a release of proteins between 30% and 50% [106]. These
values of protein release with PEF technology corroborate previous studies with other
species of microalgae [95,111]. Further fundamental understanding of the effects of PEF on
cell wall permeabilization is still needed.

3.3.2. HVED

The use of HVED can also be used in microalgae processing. In this process, there
is a direct release of high energy into the medium. This process can cause an electric
breakdown of the water and create a wave of side effects such as high-pressure shock
waves and cavitation. These phenomena will cause electroporation effects on the cells due
to the presence of the strong EF. This will fragment the cell tissue and facilitate the release of
intracellular compounds [78,93]. The HVED presents certain advantages when compared
to more conventional treatments: higher rate of extraction, reduction in processing time
and temperature, which will lead to less degradation of thermosensitive compounds and
also presents less environmental impact [92,93]. The HVED is described to have less
efficiency in extracting high molecular weight components from the cells, such as proteins
and pigments. Another problem with this approach is the low sensitivity of this technology,
making it difficult to extract specific compounds from the cells [78]. Zhang and co-workers
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theorize that HVED promotes the release of water-soluble proteins of small molecular
weight [92,112].

3.3.3. MEF

Another processing method that takes advantage of using EF is the moderate elec-
tric fields (MEF), which is a non-pulsed approach characterized by the presence of an
alternating current without treatment time restrictions [78]. MEF processing is also char-
acterized by the presence of electric fields below 1 kV/cm and a square or sinusoidal
wave with electrical frequencies ranging from 50 Hz to 25 kHz. The MEF processing has
been described to have several effects such as permeabilization of the cellular membrane,
microbial inactivation, and cells destruction [78,113]. When using MEF processing, there is
an important parameter to consider, the EF frequency which can promote electrochemical
reactions, particularly when working at lower frequencies (typically at 50 Hz) [114]. The
use of low frequencies is described to lead to the release of some metal ions which can react
with other molecules. These reactions are undesirable and must be avoided because this
can lead to the degradation of nutrients from the sample and could lead to the formation of
radical species, as well as the corrosion and erosion of the electrodes [77,115]. When MEF
is applied at high frequencies, these electrochemical reactions are minimized. However,
using low frequencies can contribute to the permeabilization of biological membranes as
shown in some bacteria [113]. The effects of the applied electrical frequency on microalgae
cells’ structure are still undisclosed.

3.3.4. OH

The use of MEF brings also heat generation through the sample, this effect is called
Joule heating or commercially known as ohmic heating (OH) [98]. OH depends on the
electrical conductivity of the product to be treated, the intensity of the electric field applied,
and treatment time. The OH effect can be used for pasteurization and sterilization purposes,
but in a more efficient way than conventional heating processes [102]. The use of OH in the
food industry has already been recognized as advantageous because it can improve food
quality [116] and opens an opportunity for more sustainable processing, once it reduces
water consumption and increases process efficiency. Through this technology, the heating
effect can be properly controlled, allowing a faster and more homogeneous extraction of
intracellular compounds with high energetic efficiency [101,117]. When OH is applied to a
certain microorganism, such as microalgae, the heat generated will act in synergy together
with the electric fields which can enhance the permeabilization of the cell tissues [12].

3.3.5. DC Methods

Another way of using EF on microalgae is by applying DC methods. This takes
advantage of the unidirectional flow of the electric fields from oppositely charged electrodes.
This will induce an electrophoretic movement of the charged particles to the oppositely
charged electrode [78]. This approach is mainly used for harvesting operations allowing
the separation of the biomass from the culture medium through eletroflocculation or
electrocoagulation—flotation methods [103,105,118].

4. Gastrointestinal Digestion of Microalgae Biomass

The quality of microalgae biomass as a food ingredient will be dependent on its nutri-
tional composition and the bioaccessibility of their nutrients for absorption in the human
gut. It is important to address and understand how this biomass and valuable fractions will
behave during the GI digestion. It is clear that different microalgae species have different
cell wall compositions, which will be a key factor during GI digestion [23,119]. During the
last years, the development of in vitro GI systems had gained some interest, and today it is
already possible to conduct several studies through in vitro simulations, either in batch or
dynamic systems. These systems allow having a more comprehensive understanding of
the digestibility of those nutrients and their bioaccessibility [120-122]. The application of
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in vitro GI methods has several advantages against using human trials, as they can be used
for preliminary screenings and the development of new study hypotheses, as well as the
fact that they are rapid, less laborious, and do not include ethical restrictions [121].

Some authors have already studied the influence of some processing methods on
microalgae digestibility, but more body of knowledge about the behavior of this emergent
food biomass is needed. Janczyk and co-workers (2005), studied the influence of the
digestibility of Chlorella vulgaris in rats, where their cells were processed using three
different methods: spray-drying, electroporation, and ultrasonication. Their results have
shown that when C. vulgaris cells are treated with ultrasounds, they became more accessible
to GI enzymes, thus increasing the nutritional value of Chlorella vulgaris. Their results have
also shown that ultrasounds have more effects on destroying microalgae cells walls than
electroporation, which can explain a higher protein availability [119].

Niccolai and co-authors (2019) have studied the digestibility patterns of some microal-
gae species, including the effects on their chemical composition. Their findings addressed
that in terms of digestibility of biomass dry matter, Arthrospira platensis is the most di-
gestible of all the tested microalgae. They explain this result, taking into consideration the
existence of a Gram-negative cell wall, mainly composed of peptidoglycan. In the case of
other cyanobacteria characterized by a higher presence of polysaccharides in their cell wall,
a lower digestibility was also observed [23]. MiSurcovd and co-workers (2010) compared
the digestibility of blue-green (Arthrospira platensis), green (i.e., Chlorella pyrenoidosa), red
(i.e., Palmaria palmata), and brown (i.e., Laminaria japonica) algae. Results show that for
all of the studied groups, Arthrospira platensis, presented the highest digestibility among
all of the species tested, corroborating previous studies. The group of algae with lower
digestibility was the brown algae, it is hypothesized that the high presence of dietary fibers
in the composition of these types of microalgae may have contributed to this outcome [123].

There seems to be a strong relationship between the cell wall composition and the
digestibility patterns of some of the species. For example, the green algae cell wall is rich
in cellulose and hemicellulose, and this can turn them more resistant to digestion [23,45].
As mentioned before, Chlorella is also known for having a layer of a very resistant poly-
mer called algaenan, which will also hamper the action of enzymes [45]. Other species
(e.g., Nannochloropsis oceanica) with algaenan in their cell wall composition also show some
reduced digestibility [23,46].

5. Conclusions and Future Perspectives

Microalgae biomass has become an interesting and sustainable food source for human
consumption, but there are still some gaps in knowledge regarding how their cellular
structure could affect their nutrient bioaccessibility. The microalgae cell wall presents an
important and protective barrier of the cell against environmental factors and outside
threats. This also has some implications in the ways that downstream processing of
microalgae biomass affects its GI digestion. It seems generally accepted that microalgae
with stronger cell walls, such as Chlorella vulgaris, will be more difficult to be digested
than other photosynthetic species such as Arthrospira sp. For this reason, the importance
of understanding the cell wall composition and adapting the processing methods and
conditions to each specific microalgae will be of extreme importance. A fundamental
understanding of how processing affects the cell wall integrity, protein digestibility, and
subsequently the bioaccessibility of their intracellular compounds is needed. The in vitro GI
systems can appear here as an accurate and valuable tool for a comprehensive assessment of
the digestibility of microalgae proteins supporting also previous adjustments in upstream
and downstream strategies to produce microalgae biomass.

The electro-based technologies such as PEF and MEF are attracting attention in the last
years, appearing as a promising way of processing microalgae biomass. A huge advantage
of using this type of methodologies is the possibility to minimize deleterious effects of
heat during the treatment (such as PEF) or combine electrical and thermal effects for a
tailored cellular disruption (such as MEF and the possibility of ohmic heating). The heat
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can affect the overall quality of the intracellular products, reducing their biological value,
thus its use needs to be properly balanced throughout the process. There is still a lot of
research to be conducted to make these emergent methods more efficient and standardized.
Despite being energy demanding, the conventional approaches for cellular disruption,
such as bead-milling and high-speed homogenization, still present higher efficiencies when
compared to some electro-based technologies. For this reason, it is important to focus on
the optimization of these electric-based approaches, aiming at a fine-tune permeabilization
of the cell wall barrier and to establish fundamental relationships between processing
parameters and the biological value of microalgae biomass. In this sense integration of
electric-based processing effects with in vitro gastrointestinal digestion assessment will
be of crucial importance. This will offer the opportunity to increase the bioaccessibility
(and eventually bioavailability) of protein fractions from different species of microalgae,
anticipating approval of a greater number of species for human consumption in the next
forthcoming years.
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